Mechanical alloying and pulsed-current sintering were used to synthesize TiB 2 -Fe-Al cermet alloys consisting of titanium boride and iron aluminide intermetallic compound. A mixture was obtained to which Fe was minutely distributed by mechanically alloying TiB 2 powder and Fe powder for 180 ks. Mixture powders of TiB 2 -20 mass%Fe 3 Al and of TiB 2 -24 mass%FeAl were prepared by mixing an Al powder with this mechanically alloyed powder using a mortar. The added Al reacted with Fe after it had melted when these mixtures were heated. These powders were sintered for a short time and at low temperature using pulsed-current sintering process, but these sintered compacts had pores.
Introduction
A lightweight material with high hardness and high Young's modulus, TiB 2 is appropriate for cutting tools and wear-resistant parts. Because of its low self-diffusion coefficient, the sinterability of TiB 2 is strictly limited. Generally, high temperatures greater than 2000 K are necessary to produce high-density TiB 2 materials by a hotpressing process. Therefore, liquid phase sintering of TiB 2 with suitable metallic binders is necessary to produce cermets that combine the desired properties with sufficient toughness. Based on previous studies, metals of the iron group, such as Fe, Ni and Co, have been chosen for promoting densification in TiB 2 materials. [1] [2] [3] Especially, TiB 2 -Fe cermet is a cheap material, but it presents rust problems.
Iron aluminides are well known for their resistance to hightemperature corrosive and oxidizing environments. Furthermore, from the perspective of economic costs of raw materials, these materials should be competitive with most conventional ferrous alloys because they consist primarily of abundant and inexpensive elements. For that reason, iron aluminides, such as FeAl and Fe 3 Al, have been considered for new hardmetals as alternative binders for cemented carbides. [4] [5] [6] [7] [8] [9] In this study, densification behavior of TiB 2 -20 mass%-Fe 3 Al and TiB 2 -24 mass%FeAl that were prepared by mixing of mechanically alloyed TiB 2 -Fe powder and Al powder was investigated through pulsed-current sintering. Iron aluminide intermetallic compounds in TiB 2 -Fe-Al were fabricated through self-propagating high-temperature synthesis 10) during sintering.
Experimental Procedure
Using a planetary ball mill for 180 ks, TiB 2 -17.7 mass%Fe powder was synthesized from starting materials of commercial TiB 2 powder (average grain size is 6.0 mm) and Fe powder (99.8 mass%Fe). The vessel (5 Â 10 À4 m 3 ) and the balls (0.01 m diameter) for mechanical alloying (MA) were made of chromium steel (84.1 mass%Fe, 11 mass%Cr). A ball-to-powder weight ratio was 20:1. The rotational speed of the planetary ball milling was 2.83 s À1 . The MA was performed under an argon gas atmosphere of reduced pressure 66 kPa to prevent the milled powder from oxidizing and nitriding. The resultant MA powder structure was identified using X-ray diffractometry (XRD).
Using a mortar, TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl powders were prepared by mixing mechanically alloyed TiB 2 -17.7 mass%Fe powder for 180 ks and Al powder (99 mass%Al). Characterization of these obtained mixtures was carried out by differential thermal analysis (DTA): DTA was measured at the heating rate of 0.33 K/s under an argon gas flow in an alumina pan.
The obtained mixtures were poured into a 30-mm-deep graphite die of 10 mm internal diameter and 30 mm external diameter. The mixture was consolidated using pulsed-current sintering (PCS) at 1473 K under a pressure of 70 MPa. The sintering temperature ('die temperature') was measured using an alumel-chromel type thermocouple inserted 3 mm into the graphite die. Carbon wool of 5 mm thickness was wrapped around the die to suppress radiant heat. Initial pressure of 30 MPa was applied. When the die temperature reached 973 K, the compacting pressure increased to the target pressure. Characterizations of sintered bodies were carried out using XRD, scanning electron microscopy, Vickers hardness tests and densimetry by Archimedes' method. The XRD data were obtained with a diffractometer using CuK radiation ( ¼ 0:15418 nm) with a monochromator. Vickers hardness was measured on the polished surface with a load of 9.8 N and a loading time of 15 s. Moreover, sintered TiB 2 -17.7 mass%Fe, TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl at 1423 K by PCS were processed to the shape of 2 Â 2 Â 2 mm by wire cutting. It was heated to 1473 K in the air, and the weight change of each sample was measured using thermogravimetry (TG). The heating rate was 0.33 K/s.
Experimental Results and Discussion

Characterization of TiB 2 -Fe-Al powders
Respective microstructures of TiB 2 powder and Fe powder, which were starting materials for MA, are shown in Figs. 1(a) and (b). The Fe powder that was fabricated by atomization processing has about five times the particle size of TiB 2 powder. These powders change into fine powders by milling for 180 ks, as shown in Fig. 1(c) . The MA powder that was collected by milling for 180 ks has 95% or more of the starting materials' weight. In the obtained MA powder, contamination from the vessel and the balls during MA was not detected by fluorescent X-ray analysis. The XRD pattern of the mechanically alloyed TiB 2 -17.7 mass%Fe powder is shown in Fig. 2 . The MA powder consists only of TiB 2 phase and Fe phase; neither Fe nor TiB 2 reacted during milling. Because the peaks of Fe are broadened during milling, it is expected that the Fe powder became fine by crushing in the MA.
Using a mortar, TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl powder were prepared respectively by mixing of the obtained MA powder and Al powder. The DTA curves of these mixed powders are shown in Fig. 3 . They reveal an exothermic reaction at 800 K (it was described in Fig. 3 as 'A'). This exothermic reaction was observed even by heating only TiB 2 powder; it accompanied an increase in the powder weight. Therefore, the reaction is expected to be an oxidation reaction of TiB 2 . The endothermic reaction of Al melt at 933 K is visible in the DTA curve of TiB 2 -24 mass%FeAl (shown in Fig. 3 as 'B' ). The self-propagating high temperature synthesis between Fe and Al in TiB 2 -20 mass%FeAl would occur after Al melting. In TiB 2 -20 mass%Fe 3 Al powder, because only a little Al powder was added, the endothermic reaction of Al melt and self-propagating hightemperature synthesis of Fe-Al intermetallic compound were observed only slightly.
3.2 Characterization of TiB 2 -Fe-Al sintered by pulsed current sintering Under 70 MPa pressure, TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl were consolidated using PCS. Figure 4 shows the relation of the amount of shrinkage to the die temperature. After it had expanded gradually to 1200 K, shrinkage was observed in TiB 2 -20 mass%Fe 3 Al. On the other hand, considerable shrinkage was observed at ca. 900 K in TiB 2 -24 mass%FeAl. It is expected that densification by generating molten Al promotes shrinkage. In addition, densification in 1200 K or more is advanced because the compacting pressure is increased. The XRD pattern of TiB 2 -20 mass%Fe 3 Al sintered at 1423 K is shown in Fig. 5(a) . This sintered body mainly comprises TiB 2 and various Fe-Al intermetallic compounds, such as Fe 2 Al 5 , Fe 3 Al. In short-term sintering processes like PCS, it is probably difficult to produce a binder phase Fe 3 Al single phase while sintering. Figure 5(b) shows the XRD pattern of TiB 2 -24 mass%FeAl sintered at 1423 K. The sintered body consists of TiB 2 and FeAl mainly. Because the reaction Fe þ Al ¼ FeAl is exothermic (ÁH ¼ À51 kJ/ mol 11) ), the combustion reaction between Fe powder and molten Al occurs continuously in the sintered body. Therefore, the FeAl particle size in the sintered body depends on the Fe powder particle size. A homogeneous TiB 2 -24 mass%FeAl compact is probably obtained as a result of a homogeneous reaction under a pressure of 70 MPa in the PCS process. The density of the sintered TiB 2 -24 mass%FeAl was 88% of the theoretical density. It is necessary for densification of the TiB 2 -24 mass%FeAl to sinter it at a high temperature under high pressure using pulsed-current sintering.
Microstructures of sintered TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl after Vickers hardness test are shown in Fig. 6 . Pores remained in each sintered compact. The respective Vickers hardness values measured using the load of 9.8 N were 1930 and 1430 Hv. In TiB 2 -20 mass%Fe 3 Al, cracks were apparent surrounding the Vickers indentation. This probably occurs because the binder phase contains brittle Fe-Al intermetallic compounds aside from Fe 3 Al. In TiB 2 -24 mass%FeAl, the amount of FeAl binder phase is large; cracks were not observed around the Vickers indentation.
The TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl sintered bodies were heated in air; then their weight changes were measured with TG. For comparison, TiB 2 -17.7 mass%Fe synthesized by MA was sintered by PCS and measured. The obtained result is shown in Fig. 7 . As for TiB 2 -17.7 mass%Fe, the weight was increased rapidly by oxidation at 800 K or higher temperatures. However, the weight has changed only slightly at 1200 K for composite materials of which the binder phase is a Fe-Al intermetallic compound. The reason for this slight change is that excellent binder phase at oxidation resistance envelops the TiB 2 particle. The effect of the amount of Al in the binder phase on the oxidation resistance was not observed. These TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl are appropriate materials for cutting tools and dies used in air at high temperatures.
Conclusion
Mechanical alloying for 180 ks of TiB 2 and Fe powders synthesized TiB 2 -17.7 mass%Fe powder. That MA powder and Al powder were mixed to produce TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl. These mixture powders were consolidated with pulsed-current sintering for a short time. The reaction path during the pulsed current sintering and the microstructures of TiB 2 -20 mass%Fe 3 Al and TiB 2 -24 mass%FeAl were investigated. Results indicate the following:
(1) The TiB 2 -17.7 mass%Fe mixture of TiB 2 powder and fine Fe powder is synthesized by mechanically alloying for 180 ks. Apparently, no reaction occurs between TiB 2 and Fe during mechanically alloying. 
